Figure 1. Folding Pathways of the Eukaryotic Cytosol
Two eukaryotic cytosolic chaperone systems are described in the text. Although presented as unidirectional pathways, reciprocal transfer between different chaperone components is likely in vivo. Some substrate specificity appears to exist in vivo, as steroid receptors and oncogenic protein kinases use the Hsp90 pathway, while others, such as actin and tubulin rely on the CCT/TRiC pathway. Whether a substrate polypeptide folds independently of chaperones or uses only a subset of those chaperones available probably depends mostly on the structural state of the protein itself and the general availability of chaperones.
the action of this chaperonin is most likely limited to a studies that identified a group of proteins associated with inactive steroid hormone receptors and oncogenic small subset of proteins in vivo due to its low abundance. Therefore, we are faced with the question of the role of protein kinases. As progesterone receptor matures in a reticulocyte lysate system, it can be found in complexes chaperones in the folding of most eukaryotic cytosolic proteins. The abundant cytosolic Hsp70s are obvious involving at least nine different proteins: Hsp90, Hsp70, Hip, p60, p23, a DnaJ homolog, and the immunophilins candidates for such a role because they are able to facilitate folding of the denatured test substrates E. coli FKBP52, FKBP51, and CyP-40 (Table 1) . These proteins, which dissociate from the receptor upon hormone bind-␤-galactosidase in purified systems and firefly luciferase in both purfied systems and cell lysates. However, aling, are now thought to play a role in forming the active state of the receptor (Pratt et al., 1996) . Evidence for though there is substantial evidence for a role of these proteins in binding to nascent chains on ribosomes, the importance of these proteins in receptor and kinase maturation in vivo comes from two types of analyses: regulating the heat shock response, and facilitating translocation of at least some proteins from the cytosol genetic experiments in S. cerevisiae and inhibitor studies in vertebrate cells. In yeast, maturation of heterolointo organelles, there is as yet no in vivo evidence for a direct role in protein folding.
gous steroid receptors or of v-Src to an active state requires Hsp90, Sti1 (the p60 homolog), Ydj1 (a DnaJ Hsp90, a Possible General Cytosolic Chaperone homolog), and Cpr7 (a Cyp-40 homolog) (reviewed by Bohen et al., 1995; Duina et al., 1996; Chang et al., What protein(s) , besides those of the CCT/TriC system, could handle the folding needs of cytosolic proteins 1997). These proteins are linked physically as well as functionally; Hsp90 isolated from yeast is associated along with Hsp70s? Recently, a number of papers have with an array of proteins similar to that found in reticulosuggested a role of Hsp90 and its partner proteins in cyte lysate: Hsp70 of the SSA family, Sti1 (the p60 homothe folding of cytosolic proteins. Hsp90 is an abundant, log), and two Cyp40-homologs, Cpr6 and Cpr7. In intact highly conserved protein best known for its role in matuvertebrate cells, the benzoquinoid ansamycins geldanaration of steroid receptors and oncogenic protein kimycin (GA) and herbimycin A have proven to be valuable nases such as pp60 v-Src (v-Src). Hsp90 appears unable to facilitate refolding of denatured substrates on its own, and citrate synthase (Bose et al., 1996) . Additionally, (Nair et al., these proteins act to stabilize the Hsp70-substrate polypeptide complex. Subsequent binding of Hsp70 by p60, 1996, and references therein).
If the other proteins of the Hsp90 complex function which is also capable of binding Hsp90, serves to recruit Hsp90 and associated chaperones, p23 and immunoin the formation of active receptor, they may have molecular chaperone activity themselves or act as modulators philins, to the substrate. Binding of ATP to Hsp70 causes destabilization of the Hsp70-substrate interaction and of Hsp70 and Hsp90. Recently, p23, FKBP52, and Cyp-40 have been shown to bind at least some unfolded the release of Hsp70, Hip, and p60 from the complex. As a final step, Hsp90, p23, and immunophilins facilitate polypeptides, suggesting they have some properties of molecular chaperones. found that, the formation of the active receptor capable of hormone binding. while neither p23 nor Cyp-40 could facilitate the folding of substrate on its own, either protein was able to mainEvidence for this model of an Hsp70/Hsp90 pathway of folding comes from studies of steroid receptor matutain denatured ␤-galactosidase in a state competent for folding. Independently, Bose et al. (1996) found that ration (reviewed by Pratt et al., 1996; Nair et al., 1996) in reticulocyte lysate. When ATP is limited, the progeseither p23 or FKBP52 was able to suppress the aggregation of citrate synthase. The role of the peptidyl-prolyl terone receptor becomes trapped in an "intermediate" form, characterized by Hsp70, p60, Hip, and substochioisomerase activity in the functioning of the immunophilins remains unknown, as the presence of the immunometric amounts of Hsp90. ATP addition is required for binding of the Hsp90-p23-immunophilin complex to the suppressant drugs, which bind and inhibit the peptidylprolyl isomerase activity, had no effect on the chaperone substrate, resulting in the "mature" progesterone receptor complex. The ability of the Hsp90 inhibitor GA to properties of CyP-40 and FKBP52 in these in vitro folding assays. However, while p23, FKBP52, and Cyp40 have trap the intermediate receptor complex, preventing association of the Hsp90-p23-immunophilin complex, some properties of chaperones in vitro, the nature, as well as the importance, of binding of these proteins to provides evidence for the movement of the receptor from one complex to another. natural substrates in vivo remains to be analyzed.
Two of the other components appear to have imporImplications from the in vivo studies examining the role of Hsp90 and partner proteins parallel those from tant roles in modulating the activity of chaperones. Hip, like DnaJ, regulates Hsp70 activity by controlling in vitro studies. Deletions or mutations in the genes encoding Hsp90, Ydj1, Cpr7, and Sti1, homologs of four whether Hsp70 is bound predominantly to ADP or ATP. The ATP-bound form of Hsp70 rapidly binds and reof the nine proteins identified in Hsp90-substrate complexes in vitro, decrease the activity of v-src and steroid leases polypeptide; in contrast, the ADP-bound form has slower on and off rates. Thus, hydrolysis of ATP to receptors expressed in S. cerevisiae. However, the role of other components in vivo is unknown, as homologs ADP by the intrinsic Hsp70 ATPase, which is stimulated by DnaJ, results in a stabilization of the interaction with of Hip, p23, and the FKBPs have not been described in yeast (Table 1) . Proteins yet to be identified, either in a substrate polypeptide. Hip binds preferentially to the ADP-bound form of Hsp70, slowing the release of nuclevertebrate or yeast systems, may also function in this pathway. For example, while p60 seems critical for the otide (reviewed by Ziegelhoffer et al., 1996) . Consequently, Hip and DnaJ stabilize the Hsp70-substrate association of purified Hsp90 and Hsp70, Hsp90 complexes isolated from yeast lacking Sti1, the yeast homopolypeptide interaction. Exchange of ATP for ADP probably effects the release of polypeptide, thus completing log of p60, still contain Hsp70 (Chang et al., 1997) , suggesting other proteins may be able to mediate an a cycle of peptide binding and release.
p60 is the only protein in the receptor complex for interaction between Hsp70 and Hsp90. More differences between the yeast and mammalian studies may emerge, which neither chaperone nor modulator activity has been found. It is also the only protein of this pathway due either to innate differences between the organisms or experimental differences between the approaches that is able to bind both Hsp90 and Hsp70. Complexes between purified Hsp90 and Hsp70 form only in the used. The Repertoire: More than Receptors presence of p60, suggesting the possibility that it may act as a physical "connector" between the two chaperand Kinases? As described above, abundant evidence exists for a ones (Johnson et al., 1996) . An Hsp70/Hsp90 Folding Pathway? critical role of Hsp90 and its partner proteins in the maturation of a variety of kinases, in addition to several A complex of Hsp90, p23, and the immunophilins can form in the absence of substrate (Johnson et al., 1996) . steroid hormone receptors in mammalian cells (Nair et al., 1996) . However, no native yeast substrates have Like the chaperonins, Hsp90 appears to bind substrates possessing secondary and tertiary structure (Jakob et been identified, despite evidence that Hsp90, Sti1, Ydj1, and Cpr7 are involved in the maturation of heterologous al., 1995). These two findings, along with recent data on steroid receptor maturation, suggest that a folding receptors and kinases. Yet, Hsp90 is essential for viability and combinations of mutations in genes encoding pathway involving transfer of substrates from Hsp70 to this Hsp90-p23-immunophilin complex might exist. The Sti1, Hsp90, and Cpr7 cause synthetic growth defects (Duina et al., 1996; Chang et al., 1997) , suggesting imporfollowing sequence of events may occur in such a pathway (Figure 1, upper pathway) : in an initial step, which tant roles for these complexes. But whether a Hsp70/
